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A B S T R A C T   

Philadelphia chromosome positive (Ph+) acute lymphoblastic leukemia (ALL) has been associated with a worse 
prognosis compared to Ph negative ALL. Tyrosine kinase inhibitor (TKI) therapy has led to an improvement in 
response rates and survival, thus becoming a critical component of therapy. We performed a retrospective cohort 
study of Ph+ ALL patients treated at the University of Michigan who received TKI therapy pre- and post- 
allogeneic hematopoietic stem cell transplant (HSCT) from April 2007 to November 2019. The study included 
40 patients with Ph+ ALL (47.5% female) with a median age of 54 (24-69) years. Median event-free survival 
(EFS) was not reached, with a 5-year EFS of 61%. Median overall survival (OS) was not reached, with a 5-year OS 
of 71%. There was no difference in 2-year EFS or OS for patients on pre-transplant imatinib or dasatinib (p =
0.16, 0.09, respectively), though definitive conclusions are challenging as post-transplant TKI therapy was 
variable. The incidence of any grade acute graft-versus-host disease (GVHD) was 62.5% (25/40) and any grade 
chronic GVHD was 77.5% (31/40). Complete molecular remission (CMR) was achieved in 57.5% of patients pre- 
transplant with no significant difference when stratified by induction TKI (p = 1). Achievement of CMR pre-HSCT 
showed a trend towards improved 2-year EFS (p=0.0198) but did not significantly change 2-year OS (p = 1). 
Patients receiving 1st and 2nd generation TKIs pre- and post-HSCT seem to have favorable outcomes, although 
type of TKI (pre-HSCT) did not significantly impact EFS or OS. In addition, attaining a CMR pre-transplant 
improved EFS, but did not change OS.   

1. Introduction 

Acute lymphoblastic leukemia (ALL) is defined as the presence of 
≥20% lymphoblasts in the bone marrow [1]. It typically has a bimodal 
distribution, primarily affecting young children or adults older than 50 
years [2]. In adults with ALL, typically 20-30% of cases have positive 
Philadelphia chromosome (Ph) [3]. Presence of the Philadelphia chro-
mosome denotes a reciprocal translocation between the long arms of 
chromosomes 9 and 22 [4]. This cytogenetic aberration not only impacts 
prognosis and treatment, but its incidence increases with age, up to 50% 
in adults older than 50 years [4–7]. 

Historically, Ph positive ALL patients had a worse 5-year overall 

survival (OS) rate compared to Ph negative ALL (25% vs 41%, respec-
tively) [8]. Prior to the advent of tyrosine kinase inhibitor (TKI) therapy, 
5-year OS rates among adults with disease were ≤ 10-20% [9, 10]. The 
most significant development in Ph positive ALL management has been 
the addition of TKIs to front-line therapy. A large retrospective analysis 
(n = 473) from the European Group for Blood and Marrow Trans-
plantation (EBMT) Acute Leukemia Working Party analyzed outcomes 
with TKIs in de novo Ph positive ALL patients in first complete remission 
(CR1) with a 5-year follow up. TKIs given pre-allogeneic hematopoietic 
stem cell transplant (HSCT) during induction/consolidation were asso-
ciated with better overall survival (47% vs 38%) and lower incidence of 
relapse (33% vs 50%) when compared to no TKIs pre-transplant [11]. 
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Thus, the current standard of care is concurrent chemotherapy with a 
TKI in patients who are fit enough for intensive therapy [1, 12–15]. This 
is typically followed by allogeneic HSCT for those who are medically 
eligible and have attained CR1 [16–18]. 

Recently, however, there has been controversy about whether HSCT 
is necessary in all patients, especially in those who attain a deep mo-
lecular response after induction therapy [19]. Patients achieving com-
plete molecular response (CMR) with hyper-CVAD and ponatinib alone 
had a favorable 4-year overall survival (OS) of 66% despite not receiving 
HSCT after CR1 [20]. Similarly, patients achieving CMR with the com-
bination of dasatinib and steroids had improved 30-month disease-free 
survival (75%) compared to those without CMR (44%), further raising 
the question of whether transplant is necessary in all patients with Ph 
positive ALL [21]. 

Many studies have shown improvement in overall survival when TKI 
therapy is combined with conventional chemotherapy [12–14]. How-
ever, relapse and recurrence of disease remain prevalent among Ph 
positive ALL patients, in part due to development of resistance to earlier 
generation TKIs [22]. Dasatinib is a second-generation TKI and is a dual 
inhibitor of both BCR-ABL and Src-family kinases (SRK), the latter of 
which is a common etiology for imatinib resistance [23]. In vitro, 
dasatinib is 325 times more potent in inhibiting wild-type BCR-ABL cells 
compared to imatinib [24]. In addition to its superior resistance profile, 
dasatinib has also been shown to penetrate the blood brain barrier in the 
setting of CNS leukemia [25]. When comparing the combination of in-
duction chemotherapy with imatinib or dasatinib, there was not a sig-
nificant difference in disease-free survival (DFS) or OS at follow-up, 
though sub-group analysis of 53 patients suggested dasatinib had better 
DFS and OS among the patients receiving allogeneic-HSCT [26]. Thus, 
with limited prospective data comparing first and second generation 
TKIs, the optimal choice of TKI for patients with Ph positive ALL remains 
unknown. 

While the beneficial role of TKIs pre-transplant has been well 
established, the use of maintenance TKI therapy post-allogeneic stem 
cell transplant remains poorly defined. Relapse post-HSCT is the most 
frequent cause of treatment failure, thus raising the possibility that 
maintenance therapy could be beneficial [27]. A few small, single 
institution studies have shown improved outcomes with the use of 
maintenance TKIs post-allogeneic stem cell transplant, though the 
optimal duration and choice of TKI remain unknown [28–30]. Retro-
spective data from MD Anderson Cancer Center has shown that patients 
who achieved and maintained CMR both before and 3 months following 
HSCT had higher 2-year progression-free survival (PFS) while on pro-
phylactic TKI therapy post-transplant when compared to no prophy-
lactic TKI therapy (94.5% vs 75%). Additionally, patients who 
completed 2 years of maintenance TKI therapy post-transplant were 
found to have a lower risk of relapse (HR 0.12, p = 0.045) compared to 
those not on maintenance therapy [29]. 

Recent studies have illustrated the prognostic impact of achieving 
CMR. It has been shown that achievement of CMR at 3 months led to 
longer median OS and relapse-free survival among Ph positive ALL pa-
tients getting induction chemotherapy and TKI, without HSCT [31]. 
What remains controversial, however, is whether or not achieving a 
CMR prior to allogeneic stem cell transplant improves outcomes or if 
additional therapy should be given to patients who achieve complete 
hematologic response without CMR in order to achieve a CMR prior to 
allogeneic stem cell transplant. 

To further address these questions, we conducted a single center 
retrospective study of patients with Ph positive ALL who received 
tyrosine kinase inhibitors pre and post allogeneic stem cell transplant at 
the University of Michigan. 

2. Materials and methods 

2.1. Data collection 

A retrospective cohort study was conducted at the University of 
Michigan. Patients included had Ph positive ALL defined according to 
pathology review of bone marrow and/or peripheral blood in addition to 
a BCR/ABL1 rearrangement identified by FISH, karyotype and/or qPCR 
[32]. Those who received an allogeneic HSCT were selected for analysis. 
Patients were identified with use of the HeMe CaRe Hematologic Ma-
lignancies database and were diagnosed between 2007-2019. Patients 
with CML blast crisis, concomitant leukemias (such as CLL), mixed 
lineage leukemia, and those who lacked pre- or post-transplant data for 
3 months were excluded from our analysis. Details regarding de-
mographics, cancer cytogenomics, induction and consolidation chemo-
therapy, remission, allogeneic HSCT characteristics, post-transplant TKI 
use and duration, and safety outcomes (acute/chronic GVHD, grade 3 
GVHD) were extracted from clinical records within the electronic 
medical records. The study was approved by the Institutional Review 
Board (IRB) at the University of Michigan Hospital (HUM00153261). 

2.2. Chemotherapy regimens 

Chemotherapy regimens included hyper-fractionated cyclophos-
phamide, vincristine, doxorubicin, and dexamethasone (hyper-CVAD), 
rituximab with hyper-CVAD (R-hyper CVAD), steroids alone, modified 
Berlin-Frankfurt-Münster protocol (BFM), vincristine, rituximab, dexa-
methasone (EWALL), or rituximab, cyclophosphamide, daunorubicin, 
peg-asparaginase, vincristine (R-LARSON). Prior to allogeneic stem cell 
transplant, patients either received imatinib (400-800mg/day) or 
dasatinib (70-140mg/day) along with induction chemotherapy followed 
by consolidation if necessary prior to transplant. 

2.3. Response definitions 

Remission definitions were defined according to the Center for In-
ternational Blood and Marrow Transplant Research (CIBMTR) response 
criteria [33]. Complete remission/complete remission with incomplete 
count recovery (CR/CRi) was defined as < 5% blasts in the bone 
marrow, no evidence of extramedullary disease, and transfusion inde-
pendence. An absolute neutrophil count (ANC) ≥ 1000 K/uL and 
platelet count ≥100,000 K/uL was required for achieving a CR, but 
CR/CRi were viewed as equivalent for the purposes of our analysis. 
Complete cytogenetic remission was defined as normal karyotype on 
cytogenetic studies performed on a sample obtained during bone 
marrow biopsy. CMR was defined as an undetectable level of BCR/ABL1 
transcripts from quantitative reverse transcription polymerase chain 
reaction (RT-PCR) performed on either serum or an aspirate from bone 
marrow with a sensitivity of 10− 4. Relapse was defined as presence of ≥
5% blasts in bone marrow or peripheral blood, presence of extra-
medullary disease, or BCR/ABL1 on RT-PCR > 0.1% (derived from 
molecular relapse definition for CML). 

2.4. Transplant regimens 

Patients included in our analysis received donated stem cells from 
multiple sources including matched related donors, matched unrelated 
donors, haploidentical donors, and cord blood. Conditioning regimens 
included cyclophosphamide with total body irradiation (CyTBI), 
busulfan with fludarabine alone (FluBu) or with rituximab (R-FluBu), 
fludarabine with melphalan (FluMel), fludarabine, cyclophosphamide 
with TBI (FluCy-TBI), fludarabine with TBI alone (Flu-TBI) or with rit-
uximab (R-FluTBI), and etoposide with TBI. Donor stem cells were ob-
tained from bone marrow or peripheral blood. Our institutional practice 
is to initiate TKI therapy post-transplant based on blood counts, per-
formance status, and anticipated tolerance between 45 and 100 days 
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post-transplant. TKI therapy is continued for at least 2 years if tolerated 
and assuming a continued CMR throughout their therapy. 

3. Statistical analysis 

Descriptive statistics, such as median and range, were calculated for 
continuous variables while frequencies were calculated for categorical 
variables. All data were analyzed using SPSS software, version 25.0 
(SPSS, Inc., Chicago, IL). Means (standard deviation) were reported for 
parametric data and medians (range) were reported for non-parametric 
data. Dichotomous variables were analyzed utilizing Fisher’s exact test 
or Pearson’s Chi-square test, where appropriate. Continuous, normally 
distributed variables were compared using a 2-tailed Student’s t-test. 
Non-normally distributed continuous variables were compared using a 
Mann–Whitney U test. An alpha-level of 0.05 was considered statisti-
cally significant. Time to event analyses for OS and EFS were assessed 
via the Kaplan–Meier method and compared with a log-rank test. OS was 
defined as time from diagnosis of Ph-positive ALL until patient death or 
date of last follow-up (November 4, 2019). Event-free survival (EFS) was 
defined as time from diagnosis of Ph positive ALL to relapse, death, or 
date of last follow-up following CR1. 

4. Results 

4.1. Demographics 

Seventy-one patients with Ph positive ALL were identified at the 
University of Michigan between 2007 and 2019. Of the 71 patients 
eligible for analysis, 40 patients had allogeneic HSCT. Nineteen of those 
patients (47.5%) were female. The median age at diagnosis was 54 years 
(range 24-69), and 10 patients (25%) were 60 years or older. Patient 
demographics were similar and summarized in Table 1. 

4.2. Transplant characteristics 

Matched related donor transplants were performed in 17 patients 
(42.5%), mismatched related in 1 patient (2.5%), mismatched unrelated 

Table 1 
Patient and transplant characteristics.   

Total (N) Imatinib Dasatinib P- 
value 

Patients 40 17 23  
Median age, years at diagnosis 

(range) 
54 (24 - 
69) 

54 52  

Ethnicity     
White 38 17 21  
Black 2 0 2  
Other Patient/Disease 

Characteristics     
Age ≥ 60 years 10 3 7  
Females 19 5 14 0.0624 
CD20 Positive Status 28 9 19 0.0329 
IKZF1 mutation* 24 5 11 0.6214 
Induction regimen     
Hyper-CVAD +/- R 29 17 12 0.008 
Steroids 6 0 6 0.0295 
Modified BFM 2 0 2 0.4987 
R-LARSON 1 0 1 1 
EWALL 2 0 2 0.4987 
Complete molecular response 23 10 13 1 
Transplant Type     
MRD 17 9 8  
MUD 12 3 9  
Mismatched related 1 1 0  
Mismatched unrelated 4 1 3  
Haploidentical cord blood 1 0 1  
Haploidentical PBSC 3 0 3  
Cord blood 2 2 0  
GVHD     
Acute GVHD 25 9 16 0.3355 
Chronic GVHD 31 12 19 0.4561 
Grade 3 GVHD 15 10 5 0.0235 

*IKZF1 status only assessed in 24 patients 

Fig. 1. Event free survival stratified by TKI.  
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in 4 patients (10%), matched unrelated donor transplants in 12 patients 
(30%), cord blood transplants in 2 patients (5%), haploidentical pe-
ripheral blood stem cells in 3 patients (7.5%) and haploidentical unre-
lated with cord blood in 1 patient (2.5%). 

4.3. Disease characteristics 

Among patients who had cancer cytogenomic analysis (n=24), 16 
patients (67%) had an Ikaros (IKZF1) mutation. Of patients with an 

Ikaros mutation, majority of them received pre-transplant dasatinib 
(69%). Of those who had cytogenetics on initial marrow (n = 38), 3 
patients were hyperdiploid (51-65). Several patients (n = 12) had a 
complex karyotype (≥5 abnormalities) and majority of these patients 
received pre-transplant dasatinib (67%). Of 39 patients, 72% were CD20 
positive. 

Fig. 2. Overall survival stratified by TKI.  

Fig. 3. Event free survival stratified by achievement of CMR pre-transplant.  
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4.4. Treatment regimens 

Chemotherapy regimens varied across the cohort as seen in Table 1. 
Of the patients who received TKI therapy prior to transplant, 23 patients 
(57.5%) had dasatinib and 17 patients had imatinib (42.5%). Of the 
CD20 positive patients (72%), only 50% received rituximab. 

4.5. Response rates 

Prior to transplant, 40 patients (100%) achieved complete morpho-
logic remission (CR or CRi), 38 patients (95%) achieved cytogenetic 
remission, and 23 patients (57.5%) achieved complete molecular 
remission. Median time to complete morphologic, cytogenetic, and 
molecular remission were 32, 38, and 99 days, respectively. 

4.6. Survival analysis 

Median follow-up of this study was 1374 days. Median EFS and OS 
were not reached. The 5-year EFS was 61% (Supplemental Figure 1) and 
5-year OS was 71% (Supplemental Figure 2). Thirty patients (75%) were 
still alive by the time to last follow-up. Of those who relapsed, 36% (4/ 
11) had a CNS relapse and the remaining had molecular relapse or 
relapse in peripheral blood and/or bone marrow. Notably, 45% of the 
relapsed cases had mutations in either T315I (4) or E255K (1). When 
comparing patients who received imatinib vs. dasatinib with induction 
chemotherapy, 2-year EFS was 76% vs. 76%, respectively (p = 0.16) and 
2-year OS was 94% vs 84%, respectively (p = 0.09) as seen in Figs. 1 and 
2. Patients with a complete molecular remission pre-transplant had 2- 
year EFS 85% vs 70.6% in those who did not (p = 0.0198). The 2-year 
OS was 88% for both those who achieved CMR pre-transplant and 
those who did not (p = 1) as seen in Figs. 3 and 4. When looking at 
patients who attained CMR pre-transplant, there was no difference 
based on induction TKI therapy with imatinib vs dasatinib (p = 1). 

4.7. Post-transplant outcomes 

Thirty-three patients (82.5%) were initiated on TKI therapy post- 

transplant. Timing of post-transplant TKI initiation varied based on 
patients’ blood counts, performance status and tolerance but ranged 
from 27 to 211 days. Those who did not receive post-transplant TKI were 
deemed ineligible due to relapse, death, development of mutations, 
renal failure, or insurance coverage. Median time to TKI initiation post- 
transplant was 76 days (range: 27-211 days). Median duration of TKI use 
was 514 days (1.4 years) and range was from 10-1547 days. Mainte-
nance TKI post-HSCT was found at the following frequencies: dasatinib 
(72.7%), ponatinib (18.2%), and imatinib (9.1%). 

The most common reason for TKI discontinuation was side effects 
including nausea/diarrhea/GI distress, pleural effusions, chest pain, 
cough, rash, cytopenias, renal failure, and elevated amylase/lipase. 
Other reasons included issues related to insurance coverage and mo-
lecular relapse with new ABL kinase domain mutations. Incidence of 
acute GVHD and chronic GVHD were 62.5% and 77.5%, respectively. Of 
those with GVHD, only 15 patients had grade 3 or higher GVHD (skin, 
GI, oral, lung, or overall). Of note, the rates of acute GVHD or chronic 
GVHD did not vary with choice of pre-transplant TKI (p = 0.3355, p =
0.4561). However, rates of grade 3 GVHD were higher in the imatinib 
arm (p = 0.0235). 

5. Discussion 

We report the results of our single institution retrospective study 
analyzing 40 Ph positive ALL patients treated with TKI-based therapy 
who received an allogeneic stem cell transplant between 2007-2019. 
Consistent with previous reports of improved outcomes for Ph positive 
ALL patients treated with combined chemotherapy with TKI and allo-
geneic stem cell transplant, we observed a 5-year EFS of 61% and 5-year 
OS of 71% [11–13]. In our cohort, patients received either imatinib 
(42.5%) or dasatinib (57.5%) with chemotherapy prior to allogeneic 
stem cell transplant and 82.5% of patients received a post-transplant 
TKI. Among our cohort, the most common induction regimen was TKI 
therapy and hyper-CVAD with or without rituximab. We found that the 
choice of pre-transplant TKI did not significantly impact EFS or OS 
(Figs. 1, 2). Post-transplant, patients received maintenance TKI with 
dasatinib (72.7%), ponatinib (18.2%), or imatinib (9.1%). The median 

Fig. 4. Overall survival stratified by achievement of CMR pre-transplant.  
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duration of maintenance therapy was 1.4 years with a median time to 
initiation of 76 days (~2.5 months) post allogeneic stem cell transplant. 

In our analysis, 11 patients experienced relapse of their ALL with 
36% of relapses occurring in the CNS, specifically leptomeningeal dis-
ease. Among patients with CNS relapse, 2 of 4 patients were adequately 
treated with CNS prophylaxis per guidelines while the other 50% were 
not. ABL kinase domain mutation testing showed that 45% of patients 
who relapsed had a mutation: 4 with T315I and 1 with E255K. All of the 
mutations that were detected occurred pre-transplant and those with 
T315I mutations were on dasatinib at the time and the patient with an 
E255K mutation was on imatinib. Of those who relapsed, 4 patients did 
not receive post-transplant TKI and of those who did, average duration 
of use was 717 days (range: 36–1547 days). These results further support 
the need for future prospective investigation of the optimal type and 
duration of TKI therapy post-transplant. 

Our patients received a multitude of different conditioning regimens 
prior to transplant and most commonly received donor stem cells from a 
matched related donor. As discussed previously, it remains controversial 
as to whether or not achieving a CMR in addition to the requisite 
complete hematologic remission prior to allogeneic stem cell transplant 
portends better outcomes. In our study, patients who achieved CMR pre- 
transplant had improved EFS, but did not have a statistically significant 
improvement in OS. We suspect a statistical difference in OS was not 
seen as the study may have been underpowered to detect such a dif-
ference. Additionally, we recognize that pre-transplant and post- 
transplant TKI often varied as majority of patients received dasatinib 
post-transplant and this may have impacted survival outcomes as well. 
Among patients who attained CMR pre-transplant, we found no associ-
ation when stratified by type of induction TKI (imatinib vs dasatinib), 
though high risk molecular mutations (IKZF1 and complex karyotypes) 
seemed to be more enriched in the dasatinib population. Due to the 
small numbers, we cannot provide meaningful statistical interpretations 
of how complex karyotype and Ikaros mutation play into the outcomes. 
In addition, further stratification of patients who achieved CMR pre- 
transplant by induction TKI therapy showed no difference in mortality 
outcomes (Fig. 5) (p = 0.819). This data supports our institutional 
practice of proceeding with allogeneic stem cell transplant in patients 

who achieve a complete remission (CR/CRi) even with persistent mo-
lecular evidence for disease. Lastly, we did not find that rates of acute or 
chronic GVHD differed between patients who received imatinib or 
dasatinib prior to transplant. However, rates of G3 or higher GVHD 
seemed to be more prevalent among patients who received imatinib pre- 
transplant. 

As mentioned previously, post-transplant TKI maintenance has been 
shown to be beneficial in a few small studies [28–30], however, in the 
absence of randomized controlled trials, it is challenging to discern 
optimal TKI and duration of maintenance. Our institutional practice is to 
utilize the same TKI used pre-transplant starting around day 60-100 
following transplant, presuming quantitative PCR for BCL-ABL is nega-
tive. We typically continue treatment for at least 2 years if tolerated. 

5.1. Conclusions 

In conclusion, we report our experience treating Ph positive ALL 
patients with combination chemotherapy and TKI, allogeneic stem cell 
transplant, and maintenance TKI therapy post-transplant. We acknowl-
edge the limitations of our study including its retrospective nature and 
the small, single institution cohort analyzed. In addition, the small pa-
tient population increases the risk of type II error in our statistical an-
alyses and therefore limits the generalizability of our conclusions. 
Prospective, randomized studies with additional patients are needed to 
further investigate the optimal TKI therapy (type, dose, and duration) 
both pre- and post-transplant for Ph positive ALL patients as well as 
further attempts to stratify patient and disease factors that may be able 
to predict which patients may be able to defer transplant versus those 
that may need a more intensive approach. 
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